The partial agonist activity of a selective androgen receptor modulator (SARM) in the prostate was demonstrated in orchidectomized rats. In the current study, we characterized the full agonist activity of S-3-(4-acetylamino-phenoxy)-2-hydroxy-2-methyl-N-(4-nitro-3-trifluoromethyl-phenyl)-propionamide (a structurally related SARM referred to in other publications and hereafter as S-4) in skeletal muscle, bone, and pituitary of castrated male rats. Twelve weeks after castration, animals were treated with S-4 (3 or 10 mg/kg), dihydrotestosterone (DHT) (3 mg/kg), or vehicle for 8 wk. S-4 (3 and 10 mg/kg) restored soleus muscle mass and strength and levator ani muscle mass to that seen in intact animals. Similar changes were also observed in DHT-treated (3 mg/kg) animals. Compared with the anabolic effects observed in muscle, DHT (3 mg/kg) stimulated prostate and seminal vesicle weights moire than 2-fold greater than that observed in intact controls, whereas S-4 (3 mg/kg) returned these androgenic organs to only 16 and 17%, respectively, of the control levels. S-4 (3 and 10 mg/kg) and DHT (3 mg/kg) restored castration-induced loss in lean body mass. Furthermore, S-4 treatment caused a significantly larger increase in total body bone mineral density than DHT. S-4 (3 and 10 mg/kg) also demonstrated agonist activity in the pituitary and significantly decreased plasma LH and FSH levels in castrated animals in a dose-dependent manner. In summary, the strong anabolic effects of S-4 in skeletal muscle, bone, and pituitary were achieved with minimal pharmacologic effect in the prostate. T ESTOSTERONE THERAPY RESULTS in major improvements in muscle function (1), body composition, and bone mineral density (BMD) (1, 2), but the major concern for testosterone therapy in elderly men is the increased risk of prostate cancer. As shown in our previous study (3), two selective androgen receptor modulators [SARMs; S-1 and S-4, S-3-(4-fluorophenoxy)-and S-3-(4-acetylaminophenoxy)-2-hydroxy-2-methyl-N-(4-nitro-3-trifluoromethylphenyl)-propionamides, respectively] showed strong anabolic effects in levator ani muscle without stimulating prostate growth in orchidectomized (ORX) animals, suggesting that they may serve as better alternatives for hormone replacement therapy in men. In this study, the anabolic effects of SARM on muscle, bone, and body composition and the agonist activity of SARM in the pituitary were characterized after prolonged androgen deprivation. The ability of SARM to stimulate prostate growth under these conditions was also evaluated.
T ESTOSTERONE THERAPY RESULTS in major improvements in muscle function (1) , body composition, and bone mineral density (BMD) (1, 2), but the major concern for testosterone therapy in elderly men is the increased risk of prostate cancer. As shown in our previous study (3) , two selective androgen receptor modulators [SARMs; S-1 and S-4, S-3-(4-fluorophenoxy)-and S-3-(4-acetylaminophenoxy)-2-hydroxy-2-methyl-N-(4-nitro-3-trifluoromethylphenyl)-propionamides, respectively] showed strong anabolic effects in levator ani muscle without stimulating prostate growth in orchidectomized (ORX) animals, suggesting that they may serve as better alternatives for hormone replacement therapy in men. In this study, the anabolic effects of SARM on muscle, bone, and body composition and the agonist activity of SARM in the pituitary were characterized after prolonged androgen deprivation. The ability of SARM to stimulate prostate growth under these conditions was also evaluated.
The strong anabolic activity of SARM in muscle can be used to treat disease-related muscle wasting or improve muscle performance in hypogonadal men. Although S-4 showed stronger agonist activity in maintaining levator ani muscle weight in ORX animals (3), the maintenance of the levator ani muscle weight does not provide direct evidence for the improvement in muscle performance. Therefore, the effects of SARM treatment on skeletal muscle strength in ORX animals were measured directly using isolated soleus muscle.
Soleus muscle is a slow twitch muscle in the hind limb of the rat that contains mainly slow muscle fibers that are rich in myosin heavy chain (MHC)-I. The soleus muscle is generally considered as an antigravity muscle. It is also one of the most commonly used models for skeletal muscle function. Orchidectomy significantly decreases soleus muscle weight and strength in male rats (4) , and the effect is reversed by dihydrotestosterone (DHT) treatment (5) . In this study, the ability of S-4 (stronger anabolic reagent, compared with S-1, as shown in Refs. 3 and 6) and DHT to restore soleus muscle mass and strength were compared in ORX animals. Muscle contractile properties, including the kinetic properties and contractile force, were measured. Peak tetanic tension (P 0 ) was used as the major parameter for muscle strength comparison.
Myosin is a motor protein that interacts with actin to generate the force for muscle contraction. It is a hexameric protein consisting of two MHC subunits (200 kDa) and two pairs of nonidentical light chain subunits (17-23 kDa) (7) . MHC is the most abundant myofibrillar protein expressed in muscle. The major MHC isoforms expressed in skeletal muscle include the fast fibers (i.e. MHC-IIa, IIb, and IId) and the slow fiber (i.e. MHC-I, the main form expressed in the soleus muscle) (7) . In comparison, cardiac muscle expresses mainly two slow forms: MHC␣ and -␤ (MHC␤ is identical with MHC-I in the skeletal muscle) (8, 9) .
MHC provides both the motor and filament-forming functions of the intact myosin molecule. Changes in whole muscle contractile force are very likely to be related to the MHC isoform expression because the contractile properties of the muscle, including shortening velocity and maximal force, are correlated with MHC composition (10, 11) . The expression of certain MHC isoforms appears to be directly regulated by androgen, as demonstrated in cardiac MHC␣ expression in spontaneously hypertensive rats (12, 13) . MHC isoform expression in the soleus muscle samples from different treatment groups was also compared to explore the possible mechanism of action of SARMs.
Besides anabolic effects in muscle, androgen treatment can also improve body composition (i.e. increase lean mass and decrease fat mass) and prevent bone loss in hypogonadal men (14 -18) . The effects of testosterone in bone may be mediated directly by androgen receptor (AR) or indirectly via aromatization of testosterone into estrogen and subsequent stimulation of the estrogen receptor (ER) because impaired skeletal development and growth was observed in aromatase inhibitor-treated male rats (19) , aromatase knockout (20) , and ER␣ knockout mice (21) . Furthermore, testosterone treatment, but not estradiol treatment, prevented bone loss in ORX ER␣ knockout male mice (21) . The antiresorptive effects of AR were confirmed in AR knockout mice (50) . The direct action of testosterone in bone via the ARmediated pathway is essential for its anabolic effects in bone. However, conversion of testosterone to DHT by 5␣-reductase is not required for the process because finasteride (a 5␣-reductase inhibitor) treatment did not affect BMD in rats (22) or humans (23) . In this study, a nonaromatizable androgen, DHT, was used as a positive control to avoid the indirect actions of androgens through conversion to estrogen. S-4 does not interact with the ER and cannot be aromatized. Thus, the effects of S-4 on bone should be mediated only by direct action on the AR, providing a valid and direct comparison to DHT.
Considering the fact that both muscle and bone are DHTindependent tissues, we hypothesized that S-4 would have similar anabolic activity to DHT in these tissues, and both treatments would improve muscle strength and body composition and restore ORX-caused bone loss. Because the decline in both muscle strength and bone remodeling are relatively slow processes (4, 24) , androgen treatment was not initiated until 12 wk after ORX to allow significant decreases in muscle strength and BMD to occur, which is different from the immediate treatment design (i.e. treatment started right after ORX) used in previous studies (6) . The effects of S-4 on body composition and bone in ORX rats were measured by dual x-ray absorptiometry (DEXA) during the study. Changes in serum markers for bone formation, such as IGF-I and osteocalcin, were also measured after treatment. Additionally, studies using immediate treatment only tested the ability of SARM to maintain the androgen-dependent tissues in ORX animals, whereas the delayed treatment design used in this study allowed us to test the ability of SARM to restore tissue growth in ORX animals for the first time.
Gonadotropins, especially LH, contribute to the regulation of production and secretion of endogenous testosterone. Testosterone, in turn, affects the release of LH and FSH through negative feedback regulation at both pituitary and hypothalamus. At the hypothalamic level, testosterone indirectly regulates LH and FSH secretion via its ability to influence GnRH release. At the pituitary level, testosterone directly inhibits LH release. The regulatory effects of S-4 on LH and FSH release after long-term treatment were also investigated in this study. As a whole, the studies reported herein demonstrate profound and intriguing differences in SARM pharmacology, compared with that of steroidal androgens, and indicate that a unique approach to androgen therapy may soon be realized.
Materials and Methods Materials
Compound S-4 (5) was synthesized by Dr. Duane Miller's research group at the University of Tennessee. The purities of these compounds were greater than 99%, as determined by HPLC. Polyethylene glycol 300 (reagent grade), dimethylsulfoxide (reagent grade), DHT, and urea were purchased from Sigma Chemical Co. (St. Louis, MO). IGF-I concentrations were determined using a commercially available enzyme immunoassay (EIA) kit purchased from Diagnostic Systems Laboratories Inc. (Webster, TX). Rat osteocalcin concentrations were determined using a commercially available EIA kit purchased from Biomedical Technologies Inc. (Stoughton, MA). Rat plasma LH and FSH concentrations were determined using commercially available EIA kits purchased from Amersham Biosciences (Piscataway, NJ). Acrylamide, bisacrylamide, ammonium persulfate, sodium dodecyl sulfate, tetramethylethylenediamine, and dithiothreitol were purchased from Bio-Rad Laboratories (Hercules, CA).
Animals
Male Sprague Dawley rats were purchased from Harlan Biosciences (Indianapolis, IN). The animals were maintained on a 12-h light, 12-h dark cycle with food and water available ad libitum. The animal protocol was reviewed and approved by the Institutional Laboratory Animal Care and Use Committee of The Ohio State University.
Experimental design
Male Sprague Dawley rats (12 wk old) were ORX at the beginning of the study. A group of sham-operated male rats was also included as intact control. The ORX animals (279 -324 g) were randomly distributed into groups of seven to eight animals. Animals were maintained for 12 wk after orchidectomy to allow for the maximum decrease in soleus muscle mass and strength (4, 25) and were then treated with S-4 (3 or 10 mg/kg), DHT (3 mg/kg), or vehicle for 8 wk. The intact animals were also treated with vehicle during the treatment period. The dosage was adjusted weekly based on animals' body weights. The drugs were dissolved in dimethylsulfoxide-polyethylene glycol 300 (20:80, vol/vol) and administered via daily sc injections.
At the end of treatment, animals were weighed, anesthetized, and killed within 8 h after the last dose. The soleus muscle from the left hind limb was dissected immediately and was used for muscle strength measurements. After strength measurements, the soleus muscle was frozen in liquid nitrogen and preserved at Ϫ80 C for electrophoretic analysis of MHC isoform expression. The heart was also excised at euthanasia, frozen, and preserved to examine the MHC isoform expression in the left ventricles.
The androgenic (ventral prostate and seminal vesicle) and anabolic tissues (levator ani muscle) and the soleus muscle from the right rear leg were removed and weighed. Blood samples were collected and used for the measurement of serum markers, including IGF-I, osteocalcin, LH, and FSH. Statistical analyses of all the parameters were performed by single-factor ANOVA with the alpha value set a priori at P Ͻ 0.05.
Soleus muscle strength measurement
The soleus muscle was isolated with care so as not to damage the muscle and its tendons and then mounted in the experimental chamber. The muscle was perfused in oxygenated (95% O 2 -5% CO 2 ) Krebs-Ringer solution (pH 7.35-7.45 at room temperature, 137 mm NaCl , 5 mm KCl, 13 mm NaHCO 3 , 1.8 mm KH 2 PO 4 , 2 mm CaCl 2 , 1 mm MgSO 4 , and 11 mm glucose) at room temperature (20 -25 C) . The proximal tendon was attached to a rigid post, and the distal tendon was attached to a Kulite BG1000 transducer (Kulite Semiconductor Products, Inc., Leonia, NJ) with 4.0 silk. The muscle was stimulated using a Grass S48 stimulator (Quincy, MA) through two platinum field electrodes attached to the chamber walls. The output from the transducer was recorded using ASI dynamic muscle control and analysis software from Aurora Scientific Inc. (Aurora, Canada).
Twitch kinetics and amplitude (P t ) were measured before the tetanus amplitude (P 0 ) was measured. Force responses were obtained by stimulating the muscle at supramaximal voltage (2 msec pulse duration) while stretching the muscle between stimuli at increments of 1 mm. Once the optimal length of the muscle (L 0 , muscle length at which maximal twitch tension was achieved) was determined, maximal twitch (P t ) and tetanic (P 0 ) tensions, time to peak twitch tension (tP t ), and time to one half twitch relaxation (t 1 ⁄2R) were measured. These parameters are illustrated in Fig. 1 .
Isometric twitches were elicited at 0.1 Hz. Sixteen continuous twitches were recorded, and one of every three twitches was analyzed. The average of five measurements for each parameter was calculated for each muscle sample. Tetanus was evoked with 3.0-sec trains of stimuli (each pulse at 2 msec duration and 40 Hz frequency). Three tetani were obtained for each muscle, and the average of three measurements of P 0 was calculated.
After the measurements, the soleus muscle was weighed, and the cross-sectional area (CSA) of the muscle was estimated using following equation (26):
CSA (square millimeters) ϭ muscle mass (milligrams)/[L 0 (millimeters) ϫ muscle density (milligrams/cubic millimeters)].
Muscle density was assumed to be 1 mg/mm 3 as previously determined in rat skeletal muscle (27) . Contractile force measurements were normalized to the CSA of the muscle before statistical comparison.
Body composition and BMD measurement
Animals were analyzed monthly by DEXA (GE Lunar Prodigy, GE Healthcare, Milwaukee, WI) using the small animal software (Lunar encore, version 6.60.041). The animals were anesthetized with ketaminexylazine (87:13 mg/kg) for the scanning. Total body bone mineral content (BMC), BMD, and body composition (e.g. lean mass and fat mass) were measured. DEXA analyses were completed the same day for all the animals to avoid potential errors associated with interday variability and instrument performance.
Electrophoretic separation of skeletal and cardiac MHC isoforms
Samples of the soleus and left ventricular muscle were homogenized (Pro200 homogenizer, Pro Scientific, Monroe, CT) for 5-10 sec in sample buffer (30 l per mg tissue) (28, 29) . Sample buffer contained 6 m urea, 2 m thiourea, 0.075 m dithiothreitol, 0.05 m Tris base, and 3% sodium dodecyl sulfate, and pH was adjusted to 6.8. Dissolved samples were further diluted [1:10 (vol/vol)] with sample buffer before loading on the gel. An aliquot (3 l) of each sample was loaded on each lane of the gel.
For soleus muscle sample analysis, the stacking and separating gels (0.75 mm thick) consisted of 4 and 7% acrylamide (wt/vol), respectively, with an acrylamide to bisacrylamide ratio of 50:1 (29) . The stacking gel included 5% glycerol, and the separating gel included 30% glycerol. 2-Mercaptomethanol was added to the upper electrode buffer at a final concentration of 10 mm. Gels were run in a Hoefer SE600 unit (Hoefer Scientific, San Francisco, CA) at 8 C, with a constant voltage of 330 V for 23 h. The ventricular sample analyses were conducted in a similar manner, except that the separating gel consisted of 6% acrylamide and 5% glycerol and the gels were run at 200 V for 20 h (28). The gels were then fixed and silver stained. The stained gels were analyzed using a GS 300 scanning densitometer (Hoefer Scientific).
Results

Anabolic effects of S-4 on soleus muscle strength in ORX rats
The body weight and soleus muscle weight of the ORX animals were significantly lower than those of the intact control animals 20 wk after orchidectomy (Table 1) . Although S-4 and DHT treatment slightly increased the body weight and the soleus muscle weight in ORX animals, the changes were not significant, compared with the ORX control group. When the soleus muscle weight was normalized by the body weight, no significant change was observed in any of the treatment groups. Besides the observed decreases in muscle size, the L 0 of the soleus muscle (the length at which the maximal twitch tension was elicited) also significantly decreased in ORX animals. Both S-4 and DHT treatment returned the L 0 back to that observed in intact animals. No significant difference in CSA was observed between treatment groups. Therefore, the decreases in soleus muscle weight and L 0 observed in ORX animals were more likely due to the decrease in animal body size. Neither S-4 nor DHT FIG. 1. Representative twitch and tetanus measurements in rat soleus muscle. A, Maximal P 0 was measured at the plateau of the tetanus. B, Maximal P t , time to peak twitch tension (TPT), and t 1/2 R were measured at the L 0 of the muscle. treatment in the ORX animals caused significant changes in the normalized soleus muscle size, consistent with prior reports that the soleus muscle weight was less androgen sensitive (4) than the levator ani muscle weight, with soleus muscle weight decreased by only about 11% after ORX, whereas levator ani muscle weight decreased by approximately 64%.
The P 0 is often used as a measure of the contractile force of the soleus muscle (4). Although S-4 and DHT did not cause significant changes in muscle size, both treatments significantly increased P 0 in the soleus muscle in ORX animals ( Fig.  2A) . P 0 of the soleus muscle decreased from 0.85 n in intact animals to 0.57 n in ORX animals, whereas S-4 (3 mg/kg) and DHT (3 mg/kg) increased P 0 in the soleus muscle to 0.86 and 0.95 n, respectively. S-4 (10 mg/kg) increased P 0 further to 1.02 n, which was significantly higher than P 0 in intact animals. Because the CSA of the soleus muscle was not changed by either ORX or any of the treatments (Table 1) , identical results were observed (Fig. 2B ) when P 0 was normalized by the CSA and compared between treatment groups.
As summarized in Table 2 , other tetanus and twitch parameters, including twitch tP t and tetanus and twitch t 1/2 R, were not significantly different among ORX, S-4, and DHT treatment groups. Different from our observations of P 0 (Fig.  2) , the peak twitch tension was not significantly changed by ORX. Only the higher dose of S-4 (10 mg/kg) significantly increased the peak twitch tension in ORX animals.
In summary, ORX decreased rat body weight, soleus muscle weight, and P 0 . Both S-4 and DHT treatments significantly increased soleus muscle strength (P 0 ) of ORX animals to that of the intact animals without affecting the contraction kinetics (tP t and t 1/2 R). S-4 and DHT also tended to increase soleus muscle mass in ORX animals, but the change was not significant due to the larger variability of the data.
Tissue-selective restoration of the androgen-dependent tissues by S-4 in ORX rats
Drug treatment was initiated immediately after ORX in our prior studies (3, 6 ). In the current study, we examined the ability of S-4 and DHT to restore androgen-dependent tissues after prolonged androgen deprivation. As such, drug treatment was initiated 12 wk after ORX. Prolonged androgen deprivation (i.e. 20 wk) caused significant decreases in the size of the prostate, seminal vesicle, and levator ani muscle, with these organs shrinking to 3.6, 6.7, and 41.4%, respectively, of those observed in intact animals (Fig. 3) . Treatment with DHT (3 mg/kg) during wk 13-20 significantly increased the prostate and seminal vesicle weights by more than 2-fold, compared with the intact animals, and increased the levator ani muscle to 131% of that observed in intact controls. S-4 (3 mg/kg) for wk 13-20 selectively restored the levator ani muscle weight to that observed in intact animals but only partially restored the prostate and seminal vesicle weights to less than 20% of that observed in intact animals and less than 10% of that observed in DHT-(3 mg/kg) treated animals. S-4 (10 mg/kg) showed very similar effects in the levator ani muscle, compared with the lower-dose group, but stronger androgenic effects in the prostate and seminal vesicle. These studies demonstrate that: 1) S-4 can restore androgen-dependent tissue mass after prolonged androgen depletion; 2) S-4 (3 mg/kg) and DHT (3 mg/kg) demonstrate similar anabolic effects in increasing soleus muscle strength (Fig. 2) and levator ani muscle weight (Fig. 3) ; and 3) S-4 demonstrates weak androgenic activity in the prostate at doses capable of maximally promoting anabolic activity.
Effects of S-4 on plasma levels of IGF-I and osteocalcin
Besides their effects in skeletal muscle, androgens may also be anabolic in the skeleton. Plasma levels of IGF-I and osteocalcin (19, 24, 30) are commonly used markers of anabolic activity and bone turnover rate. Twenty weeks after ORX, circulating IGF-I levels in ORX animals (Fig. 4A) were similar to those observed in intact animals; S-4 (3 or 10 mg/kg) treatment did not affect IGF-I levels. However, DHT (3 mg/kg) significantly decreased plasma IGF-I concentrations to 271 ng/ml, approximately 70% of the level observed in intact animals.
Plasma osteocalcin levels were not significantly different between intact and ORX animals when measured 20 wk after ORX (Fig. 4B) . However, 8 wk of treatment with S-4 (3 or 10 mg/kg) or DHT (3 mg/kg) in ORX animals significantly decreased the plasma osteocalcin levels to about 70 and 50%, respectively, of the level in intact animals. Decreases in plasma osteocalcin concentration suggest that S-4 and DHT decreased bone turnover rate in ORX animals.
Effects of S-4 on body composition and BMD in ORX rats
The direct effects of S-4 and DHT on the skeleton were also assessed by monthly DEXA scans. Total body BMD (0.159 g/cm 2 ) and BMC (10.53 g) in ORX animals were significantly lower than that observed in intact animals, 0.166 g/cm 2 and 11.47 g, respectively (Fig. 5A ) within 12 wk after ORX. Animals were then treated with vehicle, S-4 (3 or 10 mg/kg) or DHT (3 mg/kg) for another 8 wk. By the end of the treatment, the total body BMD and BMC in vehicle-treated intact animals increased by 0.010 g/cm 2 and 1.45 g (Fig. 5B) , reaching 0.176 g/cm 2 and 12.92 g, respectively, whereas the total body BMD and BMC in the ORX animals increased by only 0.006 g/cm 2 and 0.65 g (Fig. 5B) , reaching 0.165 g/cm 2 and 11.18 g, respectively. Although there were no significant differences in body weight among any of the ORX groups (Table  1) , S-4-treated (3 and 10 mg/kg) ORX animals showed significantly greater increases in total body BMD, compared with vehicle-treated ORX animals (Fig. 5B) . The change in the BMD in S-4-treated ORX animals was similar to that observed in intact animals, with the total body BMD of both dose groups increasing to 0.171 g/cm 2 and was significantly higher than that observed in vehicle-treated ORX animals. S-4-treated (10 mg/kg) ORX animals also showed significantly higher increases in total body BMC, compared with the vehicle-treated ORX animals, with the total body BMC increasing to 12.00 g (Fig. 5A ) and the change in BMC being similar to that observed in intact animals (Fig. 5B) . However, changes in BMD and BMC for DHT-treated animals were smaller than that observed in intact animal and S-4-treated ORX animals and were not significantly different from the changes in ORX animals that received vehicle.
Body composition of the animals (i.e. total tissue mass, fat mass, and lean mass) was also measured using DEXA. The body weights of all ORX animals were significantly lower than that observed in the intact animals ( Table 1 and weight between the S-4-treated and vehicle-treated ORX animals by the end of the treatment (20 wk after ORX) (Fig. 6B) , S-4-treated ORX animals gained more weight than the vehicle-treated ORX animals during the 8-wk treatment (Fig.  6A, gray bars) . DHT-treated ORX animals, however, showed similar body weight change during the treatment period, compared with the vehicle-treated control group. The intact animals gained a similar amount of fat mass and lean mass (approximately 15 g for each) during the last 8 wk of the study. However, the vehicle-treated ORX animals lost about 6 g of lean mass and gained the same amount of fat mass as intact controls. DHT treatment significantly increased the lean mass in ORX animals by more than 20 g in 8 wk and decreased the fat mass by more than 10 g. S-4 (3 or 10 mg/kg) treatment restored lean mass in ORX animals, significantly increasing the lean mass by 15 g in 8 wk. However, different from DHT treatment, S-4 treatment did not decrease the fat mass in ORX animals but restored overall body composition to the levels more similar to that observed in intact animals.
Effects of S-4 on MHC isoform expression in skeletal and cardiac muscles
As described above, S-4 and DHT fully restored soleus muscle strength (measured as P 0 , Fig. 2 ) in ORX animals but only partially restored muscle mass ( Table 1 ), suggesting that the increase in muscle strength was not simply due to an increase in muscle size. Changes in MHC expression provide another possible mechanism for the observed changes in muscle contractile force. MHC isoform expression is different in different types of skeletal muscle. Fast muscles like the extensor digitorum longus express mainly MHC-IIb (fast fiber); whereas slow muscles like the soleus muscle express more MHC-I (slow fiber). The expression of MHC isoforms in both the soleus muscle sample and cardiac ventricular sample were analyzed using modified SDS-PAGE analysis (28, 29) .
Similar to literature reports (10), in male Sprague Dawley rats, two isoforms were detected in the soleus muscle samples: MHC-I and MHC-IIa. In most samples analyzed, MHC-I expression accounted for more than 85% of the total MHC expressed (data not shown). In intact animals, only two of the seven samples expressed MHC-IIa, whereas seven of the eight samples in the ORX sample expressed MHC-IIa. Likewise, because no difference was observed between the S-4-and DHT-treated animals and vehicle-treated animals, the slow-to-fast shift observed in ORX animals did not seem to account for the increase in soleus muscle strength.
MHC␣ and MHC␤ are the two major MHC isoforms expressed in cardiac muscle. In intact animals, the expression of MHC␣ accounted for 65% of the total MHC expressed (Fig.  7) , and androgen depletion (ORX) significantly decreased MHC␣ expression to 44%. S-4 (3 mg/kg) treatment in ORX animals increased MHC␣ expression to 57% of the total MHC expressed, which was significantly higher than that observed in the vehicle-treated ORX animals but still significantly lower than that observed in intact animals. Both S-4 (10 mg/kg) and DHT (3 mg/kg) increased MHC␣ expression to a level that was not different from that in intact animals.
The androgen-regulated ␤-to-␣-shift in cardiac muscle might be related to the function of androgen in the heart (13). However, the slow-to-fast shift observed in the soleus muscle does not seem to be related to the androgen-induced increase in muscle strength in ORX animals.
Effects of S-4 on plasma levels of LH and FSH
The agonist activity of S-4 in the pituitary was also characterized by measuring the plasma concentrations of LH and FSH. Plasma LH and FSH concentrations increased dramatically in ORX animals 20 wk after orchidectomy (Fig. 8) . At the 3 mg/kg dose, S-4 significantly decreased LH level to 9.4 ng/ml, which was still higher than the control level in intact animals. With the higher dose of 10 mg/kg, S-4 restored LH to intact levels, similar to what was observed in DHT-treated ORX animals.
In addition, DHT (3 mg/kg) fully returned FSH level in ORX animals to the intact control level (Fig. 8B) . S-4 significantly decreased FSH level in ORX animals in a dose-dependent manner. However, even at the higher dose (10 mg/ kg), S-4 did not fully return the FSH level to the intact control level.
Discussion
Androgen treatment improves skeletal muscle performance in both animal models (5, 31) and men (32, 33) . In our study, S-4 and DHT treatment fully restored soleus muscle strength in ORX animals (Fig. 2) without changing the kinetics of muscle contraction (Table 2 ). Both S-4 (3 mg/kg) and DHT (3 mg/kg) were similarly potent in restoring P 0 of the soleus muscle in ORX rats. Some clinical studies have indicated that androgen-induced increases in muscle performance in healthy men are related to muscle fiber hypertrophy (34) . However, the S-4-and DHT-induced increase in soleus muscle strength cannot be fully explained by an increase in muscle mass. Although the soleus muscle size was increased in S-4-and DHT-treated ORX animals, compared with that in vehicle-treated ORX animals, the change was not significant and it was still smaller than that observed in intact animals ( Table 1 ). In contrast, muscle strength in S-4-treated ORX animals was similar to (S-4, 3 mg/kg) or higher (10 mg/kg) than that observed in intact animals (Fig. 2) . Furthermore, the cross-sectional area of the whole muscle (Table  1) , estimated based on muscle mass and optimal length, was not different among any of the treatment groups. Thus, the change in muscle size did not correlate with the change in muscle strength, corroborating other findings that the improvement in muscle strength after androgen treatment cannot be fully explained by the increase in muscle size (5) .
Another possible mechanism for the increase in muscle strength that we observed in our study could be related to changes in MHC expression in the soleus muscle. The functional importance of MHC in muscle contraction and direct regulation of certain MHC isoforms expression by androgen is well known (12, 13) . Castration significantly decreases MHC␣ expression in the ventricle of spontaneously hypertensive rats (12) , and the change can be reversed by testosterone treatment. Similar changes were observed when rat cardiomyocytes were treated with testosterone (13) . Furthermore, computational analysis of the promoter region recognized potential AR binding sites (androgen response element) in both the human and rat MHC␣ gene, suggesting that certain MHC isoform expression could be directly regulated by androgen (13) . Therefore, androgen-regulated MHC expression might also contribute to the increase in muscle strength after androgen treatment.
Regulation of MHC␣ expression by androgen was also observed in our study (Fig. 7) . S-4 and DHT treatment increased MHC␣ to MHC␤ ratio in the hearts of ORX animals. However, no significant change in MHC isoform expression was observed in the soleus muscle samples. Although more animals expressed MHC-IIa in the ORX group, S-4 and DHT treatments did not reverse the change, which suggests that the increase in MHC-IIa expression may not be related to androgen deprivation. As a slow antigravity muscle, the soleus muscle is more sensitive to changes in gravity. Space flight causes a significant slow-to-fast shift in MHC isoform expression in rat soleus muscle (i.e. higher percentage of MHC-IIa and lower percentage of MHC-I) (35) (36) (37) . Thus, the shift in MHC expression observed in our experiment could have been due to the decreased body weight (30 -50 g less, compared with the intact control group, Table 1) in ORX animals. Because androgens did not reduce MHC-IIa expression in the soleus muscle, the change in whole muscle strength that we observed was not related to MHC isoform expression.
Previous studies by Gentile et al. (5) showed similar changes in soleus muscle strength in ORX animals treated with DHT. These earlier studies revealed that DHT treatment stimulated remodeling of the neuromuscular junction by regulating related gene expression. Likewise, animal studies (38) showed that testosterone treatment in male rats decreased diaphragm neuromuscular transmission failure as well. Recent immunohistochemistry study (39) demonstrated the enrichment of AR in myonuclei and fibroblast proximate to neuromuscular junction, suggesting that AR may play an important role in regulating synapse-specific genes important for the survival and growth of motoneurons. Furthermore, AR expression in myonuclei is much higher in levator ani muscle than in skeletal muscle (i.e. extensor digitorum longus), which could explain why levator ani muscle size (Fig. 3) respond to the androgen treatment much more significantly than the skeletal muscles (Table 1) . Therefore, the anabolic effects of S-4 treatment in improving muscle strength could also be related to changes in neuromuscular junction communication and remodeling, which needs to be further investigated in future studies.
Besides their strong anabolic effects in skeletal muscle, S-4 and DHT also improved body composition (Fig. 6) in the ORX animals. The anabolic effects of androgens in skeletal muscle and the improvement of body composition might not be completely unrelated (40, 41) . Many clinical studies have shown that testosterone treatment causes reciprocal changes in muscle and fat mass (15, 17, 32, (42) (43) (44) . Similar results were observed with the DHT-treated ORX animals ( Fig. 6A ) in our study. However, S-4 treatment increased only the muscle mass without changing the fat mass in the ORX animals (Fig.  6A ). Recent studies (40, 41) using pluripotent, mesenchymal C 3 H 10T1/2 cells that are capable of differentiating into muscle, fat, cartilage, and bone cells, a model widely used to study the regulation of myogenic and adipogenic lineage determination, showed that testosterone and DHT promoted the differentiation of these cells to myogenic lineage and inhibited their differentiation into the adipogenic lineage by up-regulating MyoD and MHC (markers for myogenic differentiation) expression and down-regulating peroxisomal proliferator-activated receptor-␥2 and CCAAT/enhancerbinding protein-␣ (markers for adipogenic differentiation) expression, respectively. Because both testosterone and DHT showed similar effects in both processes, the regulation is believed to be mediated by AR. Gene expression profiling performed in our laboratory (Gao, W., C. C. Coss, V. X. Jin, T. D. Schmittgen, R. Davaluri, and J. T. Dalton, data to be published) revealed differential regulation of gene expression by S-4 and DHT in a prostate cancer cell line. Therefore, the lack of reciprocal changes in muscle and fat mass in S-4-treated ORX animals could be related to the different effects of S-4 and DHT in regulating the expression of the gene markers that are responsible for the differentiation of the mesenchymal cells. More detailed gene expression experiments need to be conducted to confirm this hypothesis.
Another important target organ of androgen is bone. In the mature adult, bone undergoes a continuous remodeling process, consisting of new bone formation by osteoblasts and bone resorption by osteoclasts (23) . The remodeling process is also regulated by mechanical factors, systemic hormones (sex steroids, PTH, GH, etc.), and locally produced factors (cytokines, growth factors). Orchidectomy or ovariectomy increases bone turnover rate in animals. Both estrogen and androgen treatment in ORX animals has been shown to have antiresorptive effects in bone by decreasing the bone remodeling turnover rate (23, 45, 46) .
Although both S-4 and DHT treatments prevented or restored bone loss (Fig. 5) in the ORX animals, S-4 and DHT treatments showed significant differences in some parame-ters, indicating possible differences in their mechanism of action. DHT was very effective in improving body composition and muscle strength in ORX animals. However, it was not as effective in restoring ORX-induced bone loss in these animals (Fig. 5) . S-4 was more potent than DHT in restoring or preventing bone loss in the ORX animals. Recent studies have shown that ER and AR can act through both genomic (i.e. gene expression regulation) and nongenomic pathways (i.e. cross-talk with other signaling pathways through direct protein-protein interaction without directly regulating gene expression) (46) in regulating bone remodeling. The nongenomic effects appear to be very important to the antiapoptotic activities of estrogen and androgen in the osteoblast (45, 46) . More importantly, different ER ligands showed varying ability to stimulate genomic or nongenomic pathways (45) . The fact that S-4 is more potent in restoring ORX-induced bone loss could be related to a difference in potency of S-4 and DHT in stimulating the AR nongenomic pathway in bone cells.
In mature rats, ORX-induced bone loss is associated with increased bone turnover in the first few months after ORX, followed by a lower turnover state (24) . Osteocalcin is a noncollagenous protein associated with the mineralized matrix and is accepted as a highly specific osteoblastic marker for bone formation. Plasma osteocalcin levels are thought to reflect changes in bone turnover (24, 47) . In our study, the plasma osteocalcin level in ORX animals was similar to that observed in intact animals, suggesting that animals had transitioned to a lower bone turnover rate within 5 months after ORX (Fig. 4B) . Both S-4 and DHT treatments further decreased the plasma osteocalcin levels in ORX animals, reflecting an even lower turnover rate in these animals. Changes observed in DHT-treated ORX animals were similar to the observations in previous studies (24, 30) . These results suggest that S-4 might have antiresorptive activity as well.
IGF-I is a growth factor that increases bone turnover rate by stimulating osteoblast proliferation and osteoclast differentiation, with a net increase in bone accumulation (48) . The effects of IGF-I in bone are more related to the local concentration of IGF-I, which is related to both circulating IGF-I and tissue-specific expression of IGF-I and IGF binding proteins (48) . Although circulating IGF-I is mainly released from liver (49), which may not reflect the tissue concentration of IGF-I in the bone, changes in plasma IGF-1 could still reflect the effects of S-4 and DHT on IGF-I and IGF binding protein expression. S-4 treatment tends to increase IGF-I expression in ORX animals (Fig. 4A) , whereas DHT significantly decreased IGF-I expression in these animals, providing another example for possible differential regulation of gene expression by S-4 and DHT, which could contribute to the tissuespecific pharmacological activities of these AR ligands.
Besides the strong anabolic activities in muscle and bone, S-4 also demonstrated agonist activity in the pituitary by suppressing LH and FSH levels in ORX animals (Fig. 8) . Furthermore, the LH level was suppressed more significantly than was the FSH level, suggesting that the observed decreases in LH and FSH levels were mediated through negative feedback effects of S-4 in both hypothalamus and pituitary. Partial repression of circulating LH and FSH levels to values similar to that observed in intact rats corroborates our prior findings in shorter-term (i.e. 9 d) studies that S-4 has minimal effects on endogenous testosterone production.
In summary, S-4 treatment greatly improved the muscle strength and body composition and restored or prevented lost bone in ORX rats. The anabolic effects of S-4 in muscle, bone, and body composition were very similar to those observed in DHT-treated ORX animals. However, at an equipotent dose that induced similar changes in bone and muscle (3 mg/kg dose), S-4 only restored prostate weight to less than 10% of the level observed in DHT-treated animals, showing minimum stimulation of the prostate, compared with DHT treatment. Significant differences between S-4 and DHT treatments in regulating fat mass change and bone turnover rates in ORX animals were also observed, suggesting that possible differences in the mechanism of action of S-4 and DHT could exist, even though they both work through ARmediated pathways. Therefore, SARMs with different intrinsic activity provide a novel treatment option for osteoporosis, muscle wasting, and hypogonadism.
